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Background: Kidneys play an essential role in the circulatory system, regulating blood pressure and intravascular volume. They are also set on maintaining an adequate filtration pressure in the glomerulus. During the CPB, a decrease in systemic blood pressure and hemoglobin concentration may lead to renal ischemia and subsequent acute kidney injury.
Methods: One hundred nine adult patients were prospectively enrolled in this study. The intervention in this study was increasing the flow of the CPB pump to reach the target MAP of > 90 mmHg during the procedure. The control group had a standard pump flow of 2.4 L/min/m2.
Results: Standard pump flow of 2.4 L/min/m2 resulted in mean MAP < 90 mmHg during the CPB in most patients in the control group. Maintaining a higher MAP during CPB in this study population did not affect CSA-AKI incidence. However, it increased the intraoperative and postoperative diuresis and decreased renin release associated with CPB. Higher MAP during the CPB did not increase the incidence of cerebrovascular complications after the operation; patients in the highest MAP group had the lowest incidence of postoperative delirium, but the result did not obtain statistical significance.
Conclusion: Maintaining MAP > 90 mmHg during the CPB positively impacts intraoperative and postoperative kidney function. It significantly reduces renal hypoperfusion during the procedure compared to MAP < 70 mmHg. MAP > 90 mmHg is safe for the central nervous system, and preliminary results suggest that it may have a beneficial impact on the incidence of postoperative delirium.
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INTRODUCTION
Since the introduction of the cardiopulmonary bypass (CPB) technique in 1952, there has been an ongoing debate on the optimal conditions for this procedure. The plethora of functions of the circulatory system is not easily replaced, and many factors need to be considered. In this investigation, the authors focused on the Mean Arterial Pressure (MAP) and its impact on postoperative kidney function. Despite its vital importance to the procedure, this parameter is still widely discussed, and no unequivocal conclusion has been reached regarding its optimal range during CPB (Kunst et al., 2019; Kotani et al., 2022).
Kidneys play an important role in the circulatory system as they regulate the intravascular volume and initiate the Renin-Angiotensin-Aldosterone (RAA) axis response. The kidneys are also set on maintaining an adequate filtration pressure in the glomerulus, even at the cost of subsequent ischemia within the medulla. This dependency is due to the unique anatomy of renal vasculature (Navar et al., 2008). The ultimate branches of renal arteries–the afferent arterioles divide into a number of capillaries, forming the glomerulus’ vascular net. The capillaries then reassemble to create the efferent arterioles. Efferent arterioles have smaller diameters than the afferent arterioles, creating an outwardly directed pressure gradient that is a driving force of the filtration process. After leaving the glomerulus, the efferent arterioles divide again into peritubular capillaries to enable water and ions exchange with the intratubular filtrate. Only a small fraction of the efferent arterioles descends into the renal medulla as vasa recta, providing blood flow to this area.
The renal medulla is a very metabolically active region, as numerous ion pumps in the ascending limb of the Henle loop move the ions in an ATP-dependent manner. However, the blood flow in the medulla is low (Kennedy-et al., 2013) to preserve the osmotic gradient and allow ions and water absorption into the vasa recta. The balance between oxygen demand and supply in the medulla is a fragile one; for the reasons mentioned above, it greatly depends on the blood flow from the glomerulus.
Kidneys have autoregulatory mechanisms that allow for maintaining a stable blood flow and filtration rate in a wide range of MAP. The lower range limit for this autoregulation is 70–80 mmHg, according to most authors (Jefferson et al., 2010; Burke et al., 2014). Below that threshold, the renal blood flow is decreased, and the juxtaglomerular cells of the afferent arteriole begin to release renin (Lappin). Renin is the first enzyme of the RAA axis, and its release aims to raise systemic blood pressure. The RAA system also has a particular effect on renal circulation. Increased renin level leads to a rise in Angiotensin II (Ang II), a potent vasopressor. Ang II constricts both the afferent and the efferent arteriole within the kidney glomerulus, but its effect is always greater on the efferent arteriole. This results in a rise in the effective filtration pressure but also decreases the amount of blood going to the medulla.
There are a few key changes to the circulation’s conditions during the CPB. First, the loss of pulsatile blood flow (both in non-pulsatile and pulsatile CPB pumps (Elbers et al., 2011; Elvevoll et al., 2016)) decreases the vascular resistance via loss of the myogenic autoregulation (Clifford, 2011) and lowers the pressure achieved within the circulatory system. Secondly, hemodilution associated with CPB decreases the Oxygen-Carrying Capacity of the Blood (CaO2), thus reducing the Delivery of Oxygen (DO2) to the tissues (DO2 is standardly indexed for body surface area–iDO2). Realizing this, it stands to reason that to prevent these adverse changes to the circulatory system, it is necessary to maintain adequate perfusion pressure and iDO2 at the same time. The obvious way to achieve this is to increase the flow of the CPB pump (Jufar et al., 2022), as it both raises the perfusion pressure and increases the iDO2 (iDO2 is a derivative of CaO2 and cardiac output, which in this case is replaced by the CPB pump flow).
To summarize, if MAP is maintained below the minimal kidney’s autoregulatory threshold during the CPB, it decreases the renal blood flow and drastically decreases medullary blood flow (efferent arteriole constriction with Ang II). Should iDO2 decrease as well (insufficient pump flow to compensate for a decreased CaO2), the kidneys will suffer additional ischemic damage, which can result in Cardiac Surgery Associated Acute Kidney Injury (CSA-AKI).
The main objective of this investigation was to assess the impact of increased MAP (achieved by increasing the CPB pump flow) on postoperative kidney function. Selected postoperative complications were also monitored to evaluate the impact of higher pressure on other organs.
MATERIALS AND METHODS
One hundred nine adult patients were prospectively enrolled in this study. After receiving complete information regarding this investigation’s potential risks and benefits, each patient gave written consent to participate in the project. The investigation was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice guidelines. The local Bioethical Committee’s approval was obtained prior to the patient’s recruitment (document’s signature: KB-0012/45/2021).
The intervention in this study was increasing the flow of the CPB pump to reach the target MAP of > 90 mmHg during the procedure. The control group had a standard pump flow of 2.4 L/min/m2. The pump flow in the study group was increased maximally to 150% of the standard flow rate. Catecholamines (adrenaline and noradrenaline) infusion was not a part of the intervention protocol in this study. Vasopressors were administered prior to CPB to maintain MAP > 70 mmHg. During the CPB, vasopressors were usually ceased, and their continuation depended on the decision of the doctor who provided the anesthesia (not an investigative team member). After the study enrolment, every patient was randomized into the study or control group. In order to prevent discrepancies between the groups, the randomization protocol included the patient’s gender and age. In the last year, the mean age of patients operated on in the facility where the study occurred was 69 years. The randomization scheme included two groups (<69 years of age and ≥ 69 years of age). Each group had two sub-groups of different gender. A series of letters, “A” or “B” (in equal amounts), was randomly generated for each of the four sub-groups using a computed signs generator. Consecutive patients enrolled in the study were randomly assigned to the study group (A) or the control group (B) within each sub-group based on age and gender.
As MAP does not maintain a constant value during the CPB, four MAP ranges were set for the whole study population. After the procedure, each patient was assigned to the MAP range that was dominant during his or her CPB. The ranges were as follows: < 55 mmHg, 56–70 mmHg, 71–90 mmHg, and ≥ 90 mmHg. As only one patient had the dominant CPB MAP of < 55 mmHg, this range was merged with the next one, leaving three MAP ranges in the ultimate result’s analysis: < 70 mmHg, 71–90 mmHg, and > 90 mmHg.
Blood and urine samples were taken from each patient at the following time points:
• Blood: before the operation, 6 h after weaning for the CPB
• Urine: before the operation, 6 h after weaning for the CPB, 24 h after the operation, 48 h after the operation, and 5 days after the operation
Blood was collected using S-Monovette 3.4 mL sterile containers (K3 EDTA: 1.6 mg/1 mL of blood; SARSTEDT AG & Co. KG Sarstedtstrasse 1, 51588 Nümbrecht, Germany). Urine was collected using standard non-sterile urine containers. After the collection, samples were stored at 5 C for no longer than 4 h and centrifuged (4°C, 10 min, 4000 RPM). After centrifugation, 1 mL of supernatant was taken and stored at −70°C.
The following kidney injury biomarkers’ concentration was measured in the samples:
• Blood: interleukin 6 (IL-6), interleukin 8 (IL-8), and tumor necrosis factor-alpha (TNF-α)
• Urine: neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule 1 (KIM-1), matrix metalloproteinase 9 (MMP-9), and interleukin 18 (IL-18)
Quantitative assessment of IL-6, IL-8, and TNF-α (in plasma), as well as NGAL, KIM-1, IL-18, and MMP-9 (in urine) levels in patients enrolled in this study was performed using Luminex xMAP technology (Luminex Corporation, Austin, TX, United States). The concentrations of urine biomarkers were adjusted to creatinine excretion and presented in ng/mg of creatinine (NGAL/Cr, KIM-1/Cr, MMP-9/Cr, IL-18/Cr).
Plasma renin concentration was measured in the preoperative and 6 h after CPB blood samples, using standard ELISA kits (Demeditec Diagnostics GmbH, 24145 Kiel–Germany).
A preoperative creatinine clearance was measured using serum creatinine concentration and CKD-EPI formula. Early postoperative creatinine clearance (6 h after weaning from CPB) was calculated directly from serum and urine creatinine concentrations and urine volume. Urine output was monitored during the whole operation, and diuresis during the CPB was recorded separately.
Study inclusion criteria:
• Written consent to study enrolment
• Undergoing elective cardiac surgery procedure with the use of CPB
• Age at the time of enrolment ≥ 18 years
Study exclusion criteria:
• Postoperative complications involving increased inflammatory response (wound infection, pneumonia, sepsis) or possibly compromising cardiac output and CaO2 (myocardial infarct, severe blood loss, multi-organ failure)
• Kidney artery stenosis
• Active neoplasm
• Active inflammatory diseases
• KDIGO stage 5 kidney disease
• Postoperative hypotension (MAP < 70 mmHg)
All patients included in the study were monitored for AKI and other postoperative complications for 5 days after the operation. AKI was diagnosed according to the KDIGO criteria (Eknoyan et al., 2014): ≥ 0.3 mg/dL increase in serum creatinine, 50% increase in serum creatinine from the initial value, or diuresis < 0.5 mL/kg/h for at least 6 h. Long-term kidney function was assessed using serum creatinine measurement taken at least 3 months after the operation. The onset or progression of CKD was diagnosed according to KDIGO guidelines (Eknoyan et al., 2014).
All patients enrolled in this investigation were classified as ASA II–III. General anesthesia was induced with 100 µg of fentanyl, 0.3 mg/kg etomidate, and 0.6 mg/kg rocuronium. After endotracheal intubation, anesthesia was maintained with sevoflurane (MAC = 1.0). Analgesia was maintained with 250 µg fentanyl boluses every 30–40 min; an additional dose of 500 µg fentanyl was administered prior to sternotomy. Repeated doses of 0.2 mg/kg rocuronium were administered according to the patient’s requirements. After the initiation of normothermic CPB, mechanical ventilation was reduced to 50% of the initial tidal volume and 50% of the initial respiratory rate. Endotracheal sevoflurane administration was ceased, and volatile anesthesia was continued at the same rate via the membrane oxygenator of the CPB circuit.
Fisher exact test was used to compare qualitative variables between the groups. Since most of the quantitative variables showed distributions significantly different from a normal distribution (p < 0.05, Shapiro-Wilk test), non-parametric tests were used: Mann-Whitney test to compare values of rank and continuous variables between groups, and Spearman rank correlation coefficient to measure association between continuous variables. Statistica 13 was used to perform the calculations. p < 0.05 was considered statistically significant.
RESULTS
Twenty nine patients met the exclusion criteria, leaving eighty patients for the final analysis. The follow-up creatinine measurement was unavailable in three patients–Scheme 1.
[image: Scheme 1]SCHEME 1 | Patient enrolment in the study.
There were no significant differences in age, gender, comorbidities, or initial laboratory results between the patients from the included and the excluded groups. The only differences included the Euro Score Logistic value and percentage of complex procedures, which were both higher in the excluded patient group–Supplementary Table S1.
The study (A) and control (B) groups did not differ in terms of age, gender, comorbidities, or initial laboratory results. Patients in the study group maintained higher hematocrit values during the CPB. With greater CPB pump flow, there was a higher iDO2 in this patient group. There were no differences in postoperative complications between the study and control group. Target MAP of > 90 mmHg was achieved in 31.82% of the study group and 8.33% of the control group. In the control group, the dominant MAP range was 70–90 mmHg (50%), the same as in the study group (52.27%). There was a relatively high percentage of MAP < 70 mmHg in the control group (41.67%) compared to the study group (15.91%). Results are summarized in Table 1.
TABLE 1 | Comparison of the study (A) and control (B) group.
[image: Table 1]As many patients in the study group did not reach the target MAP of > 90 mmHg, the primary outcomes analysis focused on patients from different MAP ranges and those who eventually developed and did not develop CSA-AKI.
The patients who suffered from CSA-AKI had worse preoperative kidney function, which was also demonstrated with higher preoperative biomarkers’ concentration. The percentage of complex procedures and the postoperative use of Noradrenaline (NA) were higher in this group. CSA-AKI was associated with the onset or progression of CKD in this study population, and also with higher postoperative biomarkers concentration. No other significant differences were observed–Table 2.
TABLE 2 | Comparison of AKI vs. no-AKI groups.
[image: Table 2]MAP decreased in 78.75% of the study population immediately after the initiation of CPB. The average decrease in MAP was 14.38%. Patients with higher MAP after the induction of general anesthesia had higher MAP during the CPB. The highest MAP maintained during CPB in this investigation was 110 mmHg.
Maintaining a higher MAP during CPB in this study population did not affect CSA-AKI incidence. It did, however, increase the intraoperative and postoperative diuresis, as well as decreased renin release associated with CPB. On the other hand, patients in the lowest MAP group had greater CaO2 and iDO2 decrease as well as higher NA demand compared to patients in the highest MAP group. Patients in the higher MAP groups were older, had higher BMI, higher preoperative urine KIM-1/Cr concentration, and statistically more women were amongst them. Patients with lower MAP during CPB had a greater decrease in creatinine clearance 6 h after the surgery, but the result was not statistically significant. Higher MAP during the CPB did not increase the incidence of cerebrovascular complications after the operation; patients in the highest MAP group had the smallest percentage of complications, but the difference was not statistically significant–Table 3.
TABLE 3 | Comparison of patients subjected to different MAP ranges during the CPB. Each MAP range was coded with a letter (C–E) for more transparent data presentation.
[image: Table 3]There was a negative correlation between diuresis during the CPB and perioperative serum creatinine concentrations, as well as the follow-up creatinine concentration–Table 4.
TABLE 4 | Correlation between diuresis during the CPB and perioperative and follow-up serum creatinine concentration.
[image: Table 4]DISCUSSION
This investigation aimed to determine whether a higher perfusion pressure during CPB can alleviate kidney injury associated with this procedure. The obtained results suggest that it can. Mayor benefits of maintaining high MAP during the CPB included greater diuresis and decreased renin increase after the operation. Diuresis is a direct indicator of kidney function (Yao and Gao, 2021), and a lower renin increase proves reduced kidney hypoperfusion (Küllmar et al., 2021). Greater urine output in the higher MAP groups could be partially attributed to a smaller decrease in CaO2 and iDO2 during the CPB. However, renin release is irrespective of these two parameters and depends solely on perfusion pressure. When the RAA axis response is triggered within the juxtaglomerular cells of the afferent arteriole, it means that the current MAP is below the kidneys’ autoregulatory range. The kidneys strive to raise the systemic pressure and maintain glomerular filtration pressure at the expense of peritubular and medullary blood flow. Thus, there is a tight dependency between renin release and reduced blood flow to the post-glomerular capillaries, which can lead to ischemic kidney injury. Lower renin increase after the operation indicates that kidneys received more adequate perfusion and endured less ischemic stress.
There was no statistically significant difference in CSA-AKI incidence between the different MAP groups, which can be attributed to the modest sample size in this study. Comparing these results with the results of other authors is difficult, as higher MAP values in these studies were achieved using NA infusion (Azau et al., 2014; Vedel et al., 2018; De La et al., 2022), which can have an adverse impact on the kidneys (Huette et al., 2022). There is, however, scientific evidence that increasing CPB pump flow can improve renal blood flow during the CPB (Lee et al., 2020). Such an approach is all the more convincing as it mimics the physiological circulatory response to decreased CaO2, which is increasing the cardiac output. The authors of this study did not encounter any scientific investigations where target MAP during the CPB was achieved by increasing the pump flow. There are, however, reports that higher iDO2 during the CPB (achieved by increasing the pump flow) can reduce the risk of CSA-AKI (Mukaida et al., 2019; de et al., 2011). Taking advantage of the dual benefit of increasing the CPB pump flow (simultaneous MAP and iDO2 adjustment) appears optimal for preserving kidney function.
Determining an optimal MAP range for kidney function during the CPB is a complicated issue. As was mentioned in the Introduction section, under physiological conditions, the lower autoregulatory threshold of renal blood flow is 70–80 mmHg. In this investigation, the most distinct differences in outcomes can be noticed between the lowest (<70 mmHg) and the highest (>90 mmHg) MAP groups. This suggests that MAP < 70 mmHg is disadvantageous to the kidneys, while MAP > 90 mmHg is sufficient to maintain kidney function. The results in the middle MAP group (70–90 mmHg) vary, which suggests that the lower kidney autoregulatory threshold during CPB is somewhere in this MAP range.
Novel kidney injury biomarkers (IL-6, IL-8, TNF-α, NGAL, KIM-1, MMP-9, and IL-18) were used in this investigation to assess kidney damage more accurately. They proved efficient in the early detection of CSA-AKI, as there were significant differences in their postoperative concentration between the AKI and no-AKI groups. There was no significant difference in postoperative biomarkers’ concentration between the different MAP groups. Several reasons can explain this result, such as the limited study population or the unknown hydration status of the enrolled patients.
There was a constant negative correlation between diuresis during the CPB and postoperative serum creatinine concentration. This demonstrates that better intraoperative kidney function (indicated by greater diuresis) directly impacts early postoperative kidney function. Hence, maintaining higher MAP during the CPB improves the kidney’s filtration function after the surgery.
Some patients in this investigation who suffered from CSA-AKI experienced the onset or progression of CKD. The impact of AKI on patients’ morbidity and mortality is well established (Harty; Gameiro et al., 2020), and so nephroprotection during cardiac surgeries is of great importance. It is worth mentioning that diuresis during the CPB (enhanced by MAP > 90 mmHg) presented a significant negative correlation with serum creatinine concentration after 3 months. This suggests a positive long-term impact of higher perfusion pressure on postoperative kidney function.
The analysis of cerebrovascular complications proved that MAP values > 90 mmHg during the CPB are safe for the central nervous system. The same applies to the increased CPB pump flow, as there was no higher complication rate in the study group, which had a significantly greater pump flow. Looking at the incidence of postoperative delirium (Table 3), it is justified to state that increasing MAP during the CPB could decrease the risk of this complication. These findings are consistent with other researchers’ discoveries (Siepe et al., 2011; Brown et al., 2019).
This study had several limitations. Its primary limitation is a modest sample size. The statistical power of our study with 44 and 36 subjects in the study and control group respectively was sufficient to detect the real differences between the groups with 80% probability. This corresponds to 0.64 standard deviations of the studied parameters. Smaller differences could remain undetected. Furthermore, this study population had no set fluid intake regimen. The patients were allowed to intake fluids at will on the day preceding the operation. Only a dominant MAP range during the CPB was recorded during this investigation. Due to technical reasons, there was no continuous recording of MAP or pump flow, which could provide valuable data for this study.
CONCLUSIONS
Maintaining MAP > 90 mmHg during the CPB positively impacts intraoperative and postoperative kidney function. It significantly reduces renal hypoperfusion during the procedure compared to MAP < 70 mmHg. MAP > 90 mmHg is safe for the central nervous system, and preliminary results suggest that it may have a beneficial impact on the incidence of postoperative delirium.
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BMI, body mass index; CABG, coronary artery bypassing graft; CKD, chronic kidney disease; CPB, cardiopulmonary bypass; CSA-AKI, cardiac surgery associated acute kidney injury, eGFRO,
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BMI, body mass index; CABG, coronary artery bypassing graft; CKD, chronic kidney disease; CPB, cardiopulmonary bypass; CSA-AKI, cardiac surgery-associated acute kidney injury, eGFR,,
preoperative estimated glomerlar filtration rate; ESL, EuroSCORE logistic; Hto, preoperative hematocrit value; Htcpy1, frst hematocrit value during the CPB; Htcpp2, second hematocrit value
during the CPB; iDO2, oxygen delivery indexed for body surface area; M, median value; SD, standard deviation; TIA, transient ischemic attack; *, calculated using Mann-Whitney test for
quantitative variables and Fisher exact test for qualitative variables. p values < 0.05 are put in bold.
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